Introduction
This section deals with several areas of practical application of microdosimetry. Section 8.2 considers, in a general way, how radiation quality can be represented by microdosimetric parameters, and introduces the notion of high and low dose from the view point of microdosimetry. Section 8.3 discusses the relationship between radiation quality and the formation of chemical products as well as the development of molecular damage of interest in molecular radiobiology. Section 8.4 deals with some of the theoretical approaches which utilize microdosimetry in radiobiology. Section 8.5 considers the way in which microdosimetric concepts are related to the quality factors in radiation protection and to risk assessment. The characterization of radiation quality in terms of microdosimetry may help to provide parameters useful in radiation therapy as well, and this topic is treated in Section 8.6. The quantum nature of energy absorption leads to fluctuation in absorbed dose determination which can be quantified by use of microdosimetric data; this subject is discussed in Section 8.7. These examples of application are not exhaustive, but they illustrate some of the ways in which the quantities of microdosimetry can be put to practical use.
Implication of Microdosimetry for Radiation Quality and the Characterization of Low Doses
In Section 8 the term radiation quality is used to refer primarily to those characteristics of the radiation that describe the spatial distributions of energy transfer and energy deposition (Section 4) and that influence the effectiveness of an irradiation, when other physical factors, such as absorbed dose, absorbed dose rate and fractionation are kept constant. Radiation quality can be described either by radiometric or by dosimetric quantities. Radiometric quantities can be used for an explicit description of the radiation field (ICRU, 1980) . However, they may not be directly related to the mechanisms that determine the radiation effect. Dosimetric quantities which reflect the interaction of radiation with matter are frequently related to a particular volume. This is the case for microdosimetric quantities as well as for restricted LET (see Section 4.5).
In the past, several radiometric characterizations of radiation quality have been suggested and used. Some of them are valid for a few types of radiation only; the peak voltage and the half value layer for x rays of 30 kV-2 MV, the particle energy for neutrons, gamma rays and high-energy electrons, and the parameter Z2f jJ2 53 introduced by Butts and Katz (1967) to describe the linear density of delta rays generated by high energy ions. A general and explicit specification of the radiation field can be performed in terms of the double differential distribution of charged particles with respect to energy and direction. Such a description, however, is not only inconveniently complex, but can also be ambiguous or of limited value to radiation biophysics. Thus, one can specify these distributions for neutrons, for the recoiling heavy ions, for the delta rays which they generate, in turn, and even for higher order electrons. Hence, in a sufficiently detailed description, all radiations might be characterized by electron distributions. However, when this is done, one lacks information on the vital aspect of correlation (i.e., production in the same event).
In view of these considerations, the specification of radiation quality for purposes of biophysics is not in terms of the radiations as such, but of the energy which they deposit locally in individual events. An initial step in this direction was the formulation of linear energy transfer, LET, by Zirkle et at. (1952) . The L", is often used as a quantity to express radiation quality for radiobiological purposes (ICRU, 1970a (ICRU, , 1971 (ICRU, , 1980 . However, it does not adequately describe the energy distribution of delta rays and the connected spatial distribution of absorbed dose. Also, it does not consider the fluctuation of energy transfer (Section 4.5) and averages over large numbers of primary particle interactions. Further, it is not always directly measurable and has, therefore, a limited applicability in experimental situations.
Microdosimetric specifications of radiation quality include formulations related to track structure of charged particles or to energy deposition in small volumes. Different characterizations of charged particle tracks are dealt with in Section 4. Apart from the classical description of particle tracks, the recently introduced differential proximity function t (x) (Definition 1, note d, Section 2) has found increasing use, in particular for low-energy electrons.
Definitions of radiation quality by microdosimetric quantities based on lineal energy classify ionizing radiations according to their characteristics of energy deposition per event in a small volume.
The quantity lineal energy (Definition 4, Section 2) can be experimentally determined or computed, takes the stochastic behaviour of the interaction processes into account, and is defined in terms of the energy actually deposited in an object. This is a major advantage in discussions of the energy received by cellular or subcellular objects whenever variations in the number Fig. 8.1 . An example of variation ofYF with radiation quality of a particular x-ray beam, dermed by the balf-value (HVL) of copper. The lengths in I'm indicated for each curve are tbe sinmlated spherical diameters of the chambers. Data taken from Braby and Ellet (1971). of particles passing through a cell are not negligible.
From the distribution f(Y), the frequency-mean lineal energy, YF, and the dose-mean lineal energy, YD, can be derived (Definitions 4d and 4e, Section 2). Both quantities are used for characterizing radiation quality, either independently, or in biparametric terms (Section 8.3). These descriptions of radiation quality are applicable to all ionizing radiations and, therefore, are better suited for employment in radiation biology and protection than other physical descriptions of radiation quality which are valid only for particular radiation types.
The frequency mean lineal energy, YF, is proportional to the mean energy imparted to a volume and can under certain conditions be related to conventional descriptions of radiation quality. As an example, relationships between YF and the HVL in mm Cu for a particular x-ray beam are shown in Figure 8 .1. A simple theoretical relation can also be established between the mean lineal energy, YF, in a volume and the unrestricted linear energy transfer, L .... provided that the straight-line approximation is valid, Le .• that the range of the particle is large in relation to the linear dimensions of the volume and that energy loss straggling and the lateral extension of the particle track can be neglected. In that case, YF = Leo for monoenergetic particles and YF = LT for other radiations, where LT is the track averaged L .... However.
there is no unambiguous relationship between YF and Leo or LT if the energy imparted to the volume of interest is significantly influenced by the limited range of the charged particles, by energy-loss straggling, or by energy dissipation of delta rays (Section 4.5).
The other mean value derived from the distribution f(y). the dose-averaged mean lineal energy, YD, describes the variance of energy deposition in a sensitive volume. Since the conventional descriptions of radiation quality, such as HVL or LET, do not account for the fluctuation of energy transfer due to radiation interactions, there does not exist any general relationship between these quantities and YD. However, when the distribution in L .. is the main cause for the fluctuation of energy deposition (Section 4.5), then YD = 9fs LD (Kellerer,1972) , where LD is the dose averaged LET.
Parameters such as YF and YD, represent specifications of radiation quality related to a volume of specified size and shape. Most models for radiation effect mechanisms are based on the concept of sensitive volumes, sites or targets. In such models, it is usually assumed that for a given energy imparted to the target volume, the probability for the development of the radiation effect investigated is independent of the spatial position of the corresponding transfer points of that volume. This is an acceptable concept when the charged particle ranges are large compared with the linear dimensions of the sensitive volume, but it loses meaning when most of the secondary charged particles have ranges smaller than the dimension of the sensitive volume.1n the latter case, the structure of the volume may be more important than its size, and the simplified treatment may not be adequate. Accordingly, it is useful to distinguish between particles on the basis of whether their range is short or long relative to the mean chord length,l, of the region considered. Long-range particles will predominately be crossers, while short-range particles will predominately be insiders (see Figure 6 .5).
Hence, for short-range particles, the average energy imparted is approximately equal to the particle energy, and for long-range particles, the average energy imparted is mainly determined by the average particle LET.
Within the straight-line approximation, Kellerer and Rossi (1975a) found a simple formula for the interdependence of mean energy deposition, volume size and particle energy. Let T be the mean initial kinetic energy of the charged particles. R their mean range, and 1 the mean chord length of the volume. Then the frequency-mean lineal energy, YF. is
This was also demonstrated in computations for fast neutrons (Caswell and Coyne. 1976 ). Moreover. it was shown experimentally that this relation remains approximately valid even for the curved tracks of electrons set in motion by x and gamma rays (Dvorak, 1975) . As
Eq. 8.1 shows, the mean lineal energy, YF. changes only moderately with radiation energy for long-range particles in the sense of the above definitions. For shortrange particles, YF changes as the average particle energy T. For indirectly ionizing radiations, producing different types of charged particles, such as fast neutrons, a radiation may be a long-range radiation with regard to one type of charged particle and a short-range radiation with regard to another. For example, for a volume of I-I'm diameter, fast neutrons of 2 MeV are a long-range radiation with regard to recoil protons and a short-range radiation with regard to heavier recoil ions.
The formalism of microdosimetry makes it possible to develop simple rules defining high and low absorbed dose. These terms are frequently related to the shape of survival curves. However, they acquire a more specific meaning if they are compared to microdosimetric quantities, such as the specific energy, Z, its frequency mean, ZF, and its dose mean, ZD (Kellerer, 1976; Booz, 1978) . These quantities are related to a specified volume, usually of the size of a cell nucleus or part of a cell nucleus. For such small volumes, the mean specific energy in affected volumes, zf, is not necessarily equal to absorbed dose DlO. Only if the absorbed dose is sufficiently high that there is a large number of energy deposition events, is zf l'lj D. For smaller values of absorbed dose, zf > D. and if the mean number of energy deposition events in the volume is much smaller than one, then zf l'lj ZF. the mean specific energy per event.
Therefore, the number of energy-deposition events in a specified volume for a given absorbed dose and the corresponding relation between ZF and D can be used to specify the notion of low and high absorbed doses.
One may speak oflow dose if the absorbed dose is less than 20% ofzF. In this case, less than 18% of the sensitive volumes experience an event and less than 2% experience more than one event. Hence, in the low-dose region, the values of specific energy in the affected volumes are independent of absorbed dose. What does change with absorbed dose is the number of volumes affected. The absorbed dose may be called high when the relative standard deviation of the frequency mean specific energy is less than 20%. Therefore, the highdose region is the region where the statistical fluctuation of energy deposition is relatively insignificant. The region between the low-and high-dose regions is called the medium-dose region. The border line between low and medium dose distinguishes between effects due to single events and effects due to two or more events. The border line between medium and high dose is that which distinguishes microdosimetry from macrodosimetry. The positions of both border lines depend on radiation quality and the numerical relationships with the microdosimetric parameters are shown in Figure 8 .2 which illustrates the dose dependence of the mean specific energy in the affected volumes for 200 kV x rays. The dependence of the three dose regions on site size is t() The relationship between absorbed dose and the mean specific energy in affected volumes, i.e .• volumes which have experienced at least one event of energy deposition, is given by Eq. 6.33. Mean specific energy in the affected volume. it, (solid curve) and the region of fluctuation within one standard deviation, O',t, (dashed lines) as a function of absorbed dose and mean number of energy deposition events for 200 kV x rays and 1-}4m diameter,of the affected volume (after Booz, 1978) . See Eqs. 6.32 and 6.33 for it and 0',1, The thick vertical lines are defined by the connected equations establishing the border between the regions of low. medium and high dose.
presented in Figures 8.3 and 8.4 for 6OCo-gamma rays and 2 Me V neutrons, respectively.
Radiation Chemistry and Molecular Radiobiology
So far, there has been little impact of microdosimetry on radiation chemistry although this is likely to change in the future, most notably in the area of chemical mechanisms in radiobiology, i.e., molecular radiobiology. The interpretation of LET effects in chemical systems is complicated by the fact that the observed dependence of chemical yields on radiation quality is greatly influenced by factors other than the initial distribution of ion-pairs and excited molecules. This is particularly so in liquids. In such systems, the final products result from a complex series of chemical reactions which include not only the reactions of the primary species, free-radicals, radical-ions and excited molecules with themselves, but reactions of these species with the various constituents of the medium. If the radiation dose is sufficiently high, further compli-1)-1 yjl 1)' ABSrnBED OOSE, D/ Gy Fig.8 .3. Regions oflow, medium, and high dose ofOOCo gamma rays as a function of the sensitive site size. The equations defining the borders between these regions are also given. cations arise due to secondary reactions involving radiation products.
Thus. the nature and yields of the final products are not only influenced by the initial pattern of energy deposition, but they also depend on the diffusion coefficients and the chemical reactivities of the precursors from which they are formed because these properties contribute to their interaction distances. Despite these limitations, attempts have been made to interpret LET effects in a variety of systems, particularly water. Here, the yields of the primary species, H atoms, hydrated electrons and hydroxyl radicals, together with the socalled "molecular yields," H2 and H202, are known fairly accurately. Diffusion theory has been applied with some success to explain the effect of solute concentration on these primary yields in water irradiated with low-LET radiation. Since there is much information on the reactivities of the primary radicals with many solutes, it may be possible to apply inicrod08imetric concepts in a more accurate analysis of the yields of these species in irradiated aqueous solutions.
The widespread use of pulse radiolysis techniques has also provided accurate data on the reactivities of free radicals and exited states in nonaqueous systems of various kinds. Inevitably, the complex fragmentation patterns in some solvents increase the difficulties in interpreting mechanisms. Nevertheless, the abundance of kinetic data warrants the re-examination by microdosimetry of those systems where some information is available on the LET dependence of product yields. It should be pointed out, however, that in some systems, the sensitivities of the techniques used for product analysis are such that the radiation doses required are rather large and this may complicate, if not invalidate, interpretation in microdosimetric terms.
In cellular systems, there is some evidence (Chapman et al., 1976 ) that water radiolysis contributes to cellkilling (the indirect effect). Absolute rate constants are now available for reactions of the water radicals, e.g., H, e-aq and OH, with many biological molecules and structures including DNA and its associated bases. The reactivities are usually very high. In view of the large nonaqueous content of the cell, this indicates that critical damage attributable to the indirect effect occurs close to the site of formation of the reacting free radicals. Diffusion of water radicals is probably less significant in cellular systems. However, for nonaqueous structures, there is evidence that long-range energy migration can occur in biopolymers, particularly in DNA. Fast luminescence studies with pulse-irradiated DNA containing de-oxybromouridine (BUdR) indicate that thermal electron migration can occur along the molecule over distances of several tens of nanometres (Fielden et al., 1971) . Support for this has come from other solid state studies on mixtures of DNA and electron-affinic sensitizers (GrAslund et ai., 1977; Adams and Jameson, 1980) . The possibility that primary chemical changes can occur in molecular structures at sites relatively remote from the site of energy deposition will have to be taken into account in the development of cellular radiation chemical models.
One of the major problems in establishing cellular models concerns the need to resolve the overall radiation effect into those components that are a direct result of the chemical reactions that follow the energy absorption process and those that result from the celPs response to these early effects. Some resolution in terms of time scale has been achieved using various fast-response methods. At the cellular level, these include rapid lysis (Sapora et ai., 1975) , rapid liquid-mixing (Adams et ai., 1975) , gas explosion (Michaels et ai., 1973) and double pulse methods (Epp et ai., 1976) . The resolution times available (using cellular systems) range from many milliseconds down to about 100 microseconds.
Applications of these techniques include the demonstration of fast chemical repair of intracellular DNA damage (Sapora et al., 1977) , the determination of the absolute lifetimes of chemical lesions within the cell which give rise to biological changes, the measurement of the rates of reaction of these lesions with oxygen, chemical sensitizers and other dose-modifying effects including protection by SH compounds. The liquid mixing method can be useo, in conjunction with other techniques, for providing information on inter-and intra-cellular diffusion of chemical agents and, particularly, for resolving multiple components of radiation damage and its modifications. There is longstanding evidence that there is more than one component of the oxygen effect in irradiated microorganisms (Powers and Tallentire, 1968) . Rapid mix studies have provided evidence of two time-resolved components of the oxygen effect in mammalian cells (Shenoy et al., 1975) , although in other closely related subIines, the lifetimes of the oxygen-dependent sublesions can be too short to be resolvable (Whillans and Hunt, 1978; Kandaiya et al., 1981) . Recently, rapid mix studies have provided evidence also for at least two fast components in the radiation sensitization of hypoxic mammalian cells by· the oxygen mimetic electron affinic sensitizer, misonidazole (Kandaiya et al., 1981) .
It is to be hoped that other applications of techniques such as these will provide additional information on critical interaction distances between lesions in irradiated cells and thus contribute to the successful application of microdosimetric concepts in molecular and cellular radiobiology.
Microdosimetry in Radiobiology
All ionizing radiations produce the same initial products, namely ionizations and excitations, and, furthermore, about the same number of such products per unit energy imparted to a particular irradiated medium, irrespective of the radiation modalities. Therefore, differences in radiation effectiveness must be due to differences in the spatial distributions of energy deposits in charged particle tracks. In general, this also holds for radiations due to incorporated radioactive nuclides (see Section 8.4.2).
In contrast to other applications, where the term radiation quality characterizes the spectrum of a radiation or its ability to penetrate matter, in radiation biology this term is understood to encompass those characteristics of the radiation that account for differences in the effectiveness of different radiations when other physical factors, such as absorbed dose, absorbed dose rate and fractionation, are kept constant. From the point of view of microdosimetry, radiation quality is 8.4 Mlcrodoslmetry In Radiobiology • • • 57 determined by the local distributions of ion pairs, excited atoms and molecules.
It is important to know which aspects of the distributions of these primary physical products are essential for the particular radiobiological effects investigated. This is a question related to the nature of primary radiation mechanisms (see Section 8.3) and also to the nature of the critical targets.
The employment of microdosimetry in radiation biology is, therefore, linked to assumptions concerning target size, target structure, and radiation mechanisms. The limitations of the applicability of microdosimetry are mainly due to shortcomings in the models and are
probably not due to inadequacies of the basic concept of microdosimetry itself. As an example, one may consider the not uncommon assumption of a homogeneously radiation-sensitive target. In this case, the interpretation of biological effects in terms of e, the expectation value for the number of lesions, can have meaning only under the condition that the initial charged particles of the radiations are long-ranged as defined in Section 8.2. Microdosimetric analysis in terms of e loses its meaning if short-range particles are compared to long-range particles. This is so because even at equal values of energies imparted, the spatial distribution of energy within the region may be greatly different. For a cell nucleus of 8-llm diameter, alpha particles ofless than 1.5 Me V, fast neutrons ofless than 1.5 MeV, and photons of less than 25 keY are shortrange radiations (see Section 8.2). Therefore, a homogeneous volume of the size of the cell nucleus may not be a suitable model with such radiations. The probability density of lineal energy, {(Y), in a homogeneous volume (Sections 6 and 7) is applicable to all ionizing radiations and it contains full information on energy deposition in individual events. Frequently, in simplified models in radiation biology, it is sufficient to use the averages of {(Y), the parameters YF and Yn.
The related quantities ZF and zn are of equal utility.
Another useful quantity is the event frequency, 1/>* (0) lIzF. It is given in Figure 8 .5 for gamma rays and fast neutrons as a function of sphere diameter, together with ZF. The parameter Yn is shown in Figure 8 .6 for energetic ions of 20 MeV per nucleon. Further values of Yn are given in Appendix F. A biparametric plot of YF and Yn, presenting examples of sparsely ionizing radiations, densely ionizing radiations and mixed radiations, is shown in Figure 8 .7 for a simulated volume of l-llm diameter.
Models of Radiation Mechanisms for
External Radiations This subsection discusses certain aspects of some typical models of radiation mechanisms which use microdosimetric concepts. It does not, however, discuss the relative merits of these models. It is also to be empha- sized that these microdosimetric models are not intended to displace other models that are valid under certain conditions where it is sufficient to utilize the concepts of L"". absorbed dose and absorbed dose rate (Sections 4.5 and 8.2).
In models which contain the site size as a variable. comparison of the predicted dose-effect relationship with the experimental data permits the estimation of the target size. Factors not related to energy deposition may also be important for these considerations. Kellerer (1966 Kellerer ( , 1976 concluded that failure to account for biological variability generally results in values based on microdosimetric arguments which underestimate the true site size.
When using the notion oflow. medium and high dose regions given by Section 8.2 (Figures 8.2. 8.3, and 8.4) • applications of microdosimetry can be divided into those which deal with low doses (single events) and those that deal with higher doses (multiple events).
The earliest form of a single-event model is the single-hit model in which an effective cross section, iTefl, is derived from the slope, liDo. of a linear dose-effect relation. S(D), under the hypothesis that each process of energy transfer to the sensitive target, i.e., each "hit," gives rise to the effect (Lea, 1946; Timofeeff-Ressovsky and Zimmer, 1947; and others) :
where cb is the particle fluence, DIDo the number of hits, and L iTerf = -;:;-
Due to the spatial distribution of energy deposits within charged particle tracks and the complexity of the biological response, the relationships between the observed effective cross section and the geometrical size of the target cannot easily be derived.
One aspect of this problem, the contribution of delta rays of high energy ions to the increase in effective cross section with increasing particle velocity, was dealt with by Katz and coworkers (Katz, 1970 (Katz, , 1978 Katz et al., 1971 Katz et al., , 1972 . Rossi approached this problem from a different point of view. He interpreted linear dose-effect curves in terms of the mean number of events, n, in the sensitive site by using the event frequency with no threshold, cb*(O) (Rossi, 1967) :
Survival is determined by the probability, S, of no event (8.5)
This approach is closely related to the "associated volume" of Lea (1946) . The event frequency, cb * (0), is equal to the associated volume per unit absorbed dose and unit volume (Kellerer and Rossi, 1974) .
Measurements of cb * (0) for fast neutrons of 0.42 to 1.8
MeV (Biavati et al., 1963) were applied by Bateman et al. (1968) to the interpretation of spermatogonia depletion in mice. It was concluded that the spermatogonia were sometimes killed by particles that do not traverse the nucleus and probably also not any other part of the cell and that some sort of intercellular communication may exist (Rossi, 1979a) . The data of cb* (0) as a function of target size were also used for the interpretation of the incidence of a rat mammary neoplasm induced by 0.43 MeV neutrons (Shellabarger et al., 1974) . The existence of a nonlinear dose-effect relation between 1 and 100 mGy led to the conclusion that one deals not with an effect due to action on autonomous cells, but that, instead, a collective response plays a role (Rossi and Kellerer, 1972) . A generalization of Eq. 8.4 was achieved by Rossi (1966) by requiring that the energy deposition event had to exceed a critical value. Let y c be the corresponding critical lineal energy, and cb*(Y c) the frequency of events Then the probability of no event larger than y c is
This equation is intended to be used for the low dose region, i.e., for D < 0.2 ZF, so that event multiplicity is .negligible (Section 8.2). This model of radiation mechanism was applied to the yield of plant chromosome breaks after irradiation with neutrons of 0.43 to 14.7 MeV (Rossi, 1966; Rossi, 1967) . Calculated values of 1 -F 1 (zc) = cb*(Yc)/q,*(O) for a volume size of Illm are shown in Figure 8 .8 for different types of radiations (Kellerer, 1966) .
Equation 8.7 represent a microoosimetric description of low-dose effectiveness as a function of radiation quality which is closely related to the so-called tracksegment analysis. This interpretation, developed and investigated by Lea (1946) , McNulty and Hutchinson (1954), Pollard et al., (1955) , Howard-Flanders (1958) , Brustad (1962 ), Harder (1964 , Barendsen (1967) and others, was applied for ion tracks and has often been based on the working hypothesis that one of many sensitive sites has to experience an energy transfer larger than a critical threshold, and that the increase of effective cross section with LET is due to the distribution of the number and size of ion-pair clusters along the particle-track segment in the site. The essential difference between the track-segment analysis and Equation 8.7 is that the former, except when special corrections are introduced (Fluke et al., 1960; Harder, 1964; Neary, 1965) , records all delta rays as locallyabsorbed in the site, whereas the latter also considers the energy transport by delta rays out of the target. It is thus not restricted to ion tracks. As an example of the ap-
1 SPECIFIC Efl.ERGY; Zi:/Gy Fig. 8 .8. Distribution function, 1 -F 1 (zo), giving the conditional probability that the specific energy imparted in a l-~m spherical tissue volume by single events will be greater than the value of Zc on the abscissa (after Kellerer, 1966) . plication of the track-segment analysis, some results of the work of Barendsen and co-workers are shown in Figure 8 .9. These authors investigated mammalian-cell survival curves after irradiation with deuterons and alpha particles (Barendsen, 1964; 1967; Barendsen et al., 1960a Barendsen et al., , 1960b 1963; Hogeweg and Barendsen, 1972; Hogeweg, 1978) . They assumed that the initial negative slope of the curve showing the logarithm of survival as a function of absorbed dose was due to the traversal of single primary particles and applied Eq. 8.2 for the determination of the effective cross section, lTeff, of the primaries. The effective cross section per single particle traversal obtained in this way as a function of Leo was then interpreted with the track-segment analysis. Calculating the fluctuation of energy transfer over short track segments, first by considering the number of ion pairs and later by considering the fluctuation of energy transfer in thin layers according to Vavilov (1957) , a site size of 7 to 10 nm (Barendsen, 1967) and 20 nm (Hogeweg and Barendsen, 1972; Hogeweg, 1978) was evaluated (see Fig. 8 .9), Considering the possibility, discussed by Kellerer (1966) , that the fluctuation of radiobiological sensitivity may have contributed to the increase of the effective cross section with LET, the authors concluded that the value of 20 nm for the critical size is a lower limit of the actual dimensions.
A characteristic of effects produced by ionizing ra-diation in the region of medium and high doses ( Figure  8 .2) is the possibility that the observed biological response is influenced by the joint action of more than one energy-deposition event. This may result in an interaction of products of different particle tracks. It is evident that similar interaction between radiation products may also occur within a single track. It is usually assumed that the interactions between products from single and from different tracks are governed by the same physico-chemical processes, and that, therefore, the variability and frequency of the different types of radiation products is independent of absorbed dose. The term "accumulation of damage", frequently used in models of radiation mechanisms, encompasses this idea and allows the possibility of distinguishing between the contributions of product interactions within a single track (intra-track effect) and those from different tracks (inter-track effect) to the total effect (Kellerer and Rossi, 1972) .
In accumulation models, dose rate and fractionation phenomena are explained by the disappearance of damage before it has the opportunity to combine with additional damage. These general concepts are common to most time-dependent accumulation models, including those which do not consider the fluctuation of energy deposition (see Roesch, 1978b; Braby and Roesch, 1978a) . However, there are fundamental differences between models with respect to how the molecular alterations are assumed to combine, and how recovery occurs.
The action of radiation by intra-track and inter-track effects was considered by Neary (1965) and by Kellerer and Rossi (1972) . In the model of Neary, it is assumed "that an aberration results from an exchange between two damaged regions" and the same concept is applied to cell killing. In the theory of dual radiation action (Kellerer and Rossi, 1972) , it is assumed that the response of the cell can be characterized as a second order reaction which is interpreted as an interaction of two sublesions. If the number of sublesions in a particular sensitive volume is proportional to specific energy, z, in the target volume, the expectation value for the number of lesions, t, is proportional to the square of z:
The proportionality constant, K, incorporates the probability of combination of sublesions and formation oflesions. It is codetermined by the local distances between primary radiation products. The fundamental problem of relating the aggregate of primary radiation species to the observed effect is the -subject of a detailed analysis by Giinther and Schulz (1972) and of a further generalization of the dual radiation-action theory (Kellerer and Rossi, 1978) . In the first approximation of the dual radiation-action theory, i.e., the "site" for-mulation, the mean number of lesions, as a function of absorbed dose, e(D), is obtained by averaging over e (z) for all sensitive volumes. Utilizing the distribution of specific energy, f(z,D), at a given value of D, one obtains:
Here, the quantity ZD is the single-event dose mean specific energy (Definition 3, Section 2). The relation between the mean number of lesions and survival is complex. It depends on biological mechanisms (Rossi, 1972) and, for example, cell survival is not necessarily a simple exponential function (Gunther et ai., 1977) . However, the evaluation of RBE from Equation 8.8 can be accomplished if it is assumed that equal numbers of lesions result in equal survival levels. If the doses of two different radiations needed to produce the same effect are D 1 and D 2 , and these radiations are characterized by the parameters ZD,h KhZ D,2 and K 2, then the biological effectiveness of radiation 2 relative to radiation 1 is:
(8.10)
In the low-dose region, ZD,l and ZD,2 are large compared to DI and D2 (see Section 8.2) so the limiting RBE value as the dose goes to zero is lim RBE = K 2 • ZD,2 (8.11) D-+ 0 Kl ZD,I For those low-LET radiations which are also long-range in the sense of Section 8.2, K 1 and K 2 are expected to be nearly equal. In general, however, experimental evidence shows that the ratio ofK2 to Kl in Eq. 8.10 depends on LET (Giinther et ai., 1977 , Virsik et al., 1981 . In addition, for high-LET radiations, the RBE may be influenced by other processes, such as saturation.
The fundamental assumption that the combination of sublesions within the same track is governed by the same processes as the combination of sublesions from different tracks made possible the mathematical formulation of the relative contribution of intra-track and inter-track effects. The quantity ZD in Equation 8.9, the coefficient of the linear dose term, was interpreted as describing the intra-track action (single-event effect), while the variable D, the quadratic dose term, was interpreted as describing the inter-track action (multievent effect) (Kellerer and Rossi, 1972) . However, the interpretation of the nonlinear character of dose-effect curves as the result of radiation-product interaction is not common to all models based on the hypothesis of damage accumulation. Some of these models (Haynes, 1966; Alper, 1977; Pohlit et ai., 1981) attribute this non-linearity to the effects of repair within the cell.
When the homogeneous-site formulation of the Batemann et al. (1972) Sparrow et al. (1972) Vogel (1969) Biola et al. (1971) Hall (1972) Field (1969) Withers et al.
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10 Gy (Kellerer and Rossi, 1972). theory of dual radiation action (Kellerer and Rossi, 1972) was applied to the dependence of neutron RBE on neutron dose, it was assumed that the formation of a lesion was independent of the distance between sublesions up to the diameter of the sensitive volume. In other words, the ratio of the factors Kl and K2 in equation 8.10 was assuIDed to be unity
From this follows
This formula was found to be in agreement with experimental data (Figure 8.10 ) when values for volumes of about l-#LID diameter were used (Kellerer and Rossi, 1972) . From this, the authors concluded that the average distance over which sublesions combine is of the order of 1 #LID. Marshall and Groer (1977) used similar assumptions to develop a model for the induction of osteosarcoma by alpha particles. They offered the explanation that the tumor was induced by two unrepaired double-strand breaks and they explained the dose-effect relation for tumor induction in terms of the occurrence of two alpha-particle traversals through a cell nucleus.
The basic relationship between the number of lesions and specific energy (Eq. 8.8) was used by Kellerer and Rossi (1972) for the interpretation of the LET dependence of inactivation of cells exposed to heavy-charged particles. They assumed that for heavy-charged particles at low doses (as defined in Section 8.2), the specific energy, z, is proportional to linear energy transfer, L ...
The authors then concluded that the interaction of sublethal lesions leads to the result that the effective cross section for cellular inactivation is proportional to the square of L .. (as long as there was no saturation in the number of sublesions produced). This result is in agreement with the data of Todd (1964) and Barendsen (1967) (Figure 8.11) .
The simple formulation of the dual-radiation action theory, Eq. 8.8, can be extended to account for dose-rate effects, saturation effects, and variable sublesion combination. Dose-rate effects are assumed to be due to repair of sublesions which results in a decreasing interaction probability as a function of the time interval between the formation of two sublesions. If the exposure time is short compared to the repair-time constant, the dose-rate effect is negligible. If, on the other hand, the exposure time is long compared to the repair-time constant, then the quadratic dose term in Eq. 8.9 is insignificantly small and the effect is due only to interaction of sublesions from the same particle track, i.e., only the intra-track effect is significant (Kellerer and Rossi, 1972; Roesch, 1978b) .
The decrease in RBE above some value of L .. is known as the saturation effect. It is thought to be due to an excessive increase in energy concentration in the target that exceeds the requirement for induction of the biological effect. Excessive energy concentrations are inefficient and lead to the reduction of RBE. Above the L .. for the maximum RBE, the effective cross section per particle is independent of L ... A typical example is given in Figure 8 .11. Powers et al. (1968) obtained a similar LET dependence for the inactivation-cross section, 0", of bacteria spores, which they described as:
o-(L .. ) = 0"mas:(1e-(L .. ILo)2), (8.14) where Lo is an empirical saturation parameter. In analogy with this formulation, Ke11erer and Rossi (1972) the straight line approximation is valid, the mean energy imparted is proportional to L .. and the two formulations set out in Eqs. 8.14 and 8.15 are equal, if, in 8.15, constant particle chord length in the sensitive volume is assumed. For high energy particles, for which energy straggling in the sensitive volume is a significant factor, the formulation 8.15. which takes the straggling into account, results in larger cross sections than 8.14 and is assumed to be more accurate (Kellerer and Rossi, 1972) . The saturation correction in Eq. 8.15 can be introduced into the dual radiation-action formulation, giving e(D) = Kzij 50' " 11e-(zlzo)2V(z,D)dz. (8.17) This integral cannot, in general, be solved analytically. However, the approximation,
is in common use (Kellerer and Rossi, 1972) . The approximation (Eq. 8.18) has the advantage that the simple formulations (Eqs. 8.10 to 8.13) of the dose dependence of RBE can be corrected for saturation simply by using zn instead OfZD. It is an acceptable approximation either if the radiations are of low LET, so that the saturation correction is small, or if the dose is low, so that the event multiplicity is small. Since it is often useful to write microdosimetric relations in terms of the quantity lineal energy, y, a saturation-corrected dose mean lineal energy is defined in analogy with Eq. 8.19: y* = yfi 50' " 11e-(y/yo)2V(y)dy / So"" yf(y)dy (8.20) This y* is frequently used as an indication of the biological effectiveness of a radiation, when the effectiveness of different LET radiations are compared to each other (see Section 8.6). Equation 8.8 is the fundamental hypothesis of the dual-radiation action theory. It is the basis not only of the "bounded-site" formulation, but also of the more realistic "distance model" developed by Kellerer and Rossi (1978) . In this approach, sublesions produced throughout a gross sensitive volume, e.g., the cell nucleus, combine with varying probability g(x), where x is the distance between two interacting sublesions. This distance concept was developed to allow for the consideration of a complex structure of small sensitive sites inside the gross-sensitive volume (Section 4.4.2), e.g., the DNA in the cell nucleus. Application of the distance concept relies on the proximity function t(x) (Kellerer and Chmelevsky, 1975b) , which is a measure of the probability that the energy transfer points are separated by a distance x (Section 4.3.3). This distance model was employed for the interpretation of the results of the "molecular ion experiment" (Rossi, et al., 1978; Rossi, 1979b; Geard and Rossi, 1981) . The authors concluded that sublesion interaction was dominated by a shortrange component less than 10 nm, but that there was also a smaller long-range component of interaction ex-
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tending to a few tenths of a micrometer or more (Kellerer et at., 1980). From experiments in which cell killing, mutation and chromosome aberrations were induced by ultrasoft x rays (Goodhead, 1977; Goodhead et al., 1981; Virsik et al., 1981) , it was concluded that a substantial fraction of sublesion interactions occur over distances less than 7 nm. Virsik et al. (1981) also showed a dependence of the dose-squared term in the yield of chromosome aberrations on LET. They interpreted this effect as the result of the distance-dependent probability of sublesion interaction and proposed to distinguish between fast short-ranged and slow long-ranged sublesion interactions.
While the hypothesis of dual radiation action deals exclusively with the formation of lesions due to the combination of two sub-lethal lesions, the concept of Gunther and Schulz (1972) considers the probability of DNA-lesions produced by an arbitrary number of ion pairs in volumes of DNA. They then establish a set of relations between numbers of DNA lesions and the biological end points. A simplified version of this approach (Gunther et at., 1977) , in which it is assumed that the mean number of critical DNA lesions is proportional to the specific energy, z, in the cell nucleus, has been tested. In this approximation, the free parameters are determined by taking an experimental dose-effect relation for x rays as well as the radiation-quality dependent efficiency of critical lesion formation (singleand double-strand breaks) as input parameters. Survival curves for different types of charged particles were calculated with this method and found to be in good agreement with the experimental data of Skarsgard et al. (1967) , Raju et al. (1971) and Mortimer et al. (1965) .
Incorporated Radioactive Nuclides
When radioactive nuclides are incorporated into biological organisms, the sources of the ionizing particles are, in general, not distributed at random, because their distribution may be modified by the metabolism of the organism. If the ranges of the emitted primary particles are long compared to the distance between sites of radionuclide deposition, the nonrandom spatial distribution of the disintegrations has negligible effect on the local energy deposition. In this case, the models of radiation mechanisms developed for external radiations (Section 8.4.1) can usually also be applied to the internal radiation from incorporated nuclides.
The nonhomogeneous distribution of incorporated radioactive nuclides is not negligible for emitters of charged particles with ranges which are smaller than or comparable to the size of the critical tissue or the average source separation. Alpha-particle emitters and emitters of low-energy beta rays or Auger electrons are examples. Radionuclides may be enriched in particular organs, e.g., alpha emitters in bone or iodine in the thyroid. They may also be non uniformly distributed within organs and tissue. For example, alpha-emitting atoms may agglomerate into small particulates and, when ingested in that state, may form hot sJ:.ots in the lung (NCRP, 1975) . Also, alpha-emitting atoms may be deposited predominantly in the growing or quickly metabolizing parts of bone. Organically-bound tritium given to pregnant mice resulted in variations in cellular tritium content of various tissues in the adult offspring (Lambert and Phipps, 1981) . The mathematical methods for the evaluation of microdosimetric quantities and distributions for such nonhomogeneous distributions of radiation sources are dealt with in Section 6.5.
In addition to the direct and indirect action of the charged particles emitted by the disintegrating nuclides, the disintegration itself may give rise to special effects, i.e., effects which are not normally produced by external radiations. Such effects as the change of the chemical species of the decaying atom, ion and radical formation due to fast atomic shell rearrangements after ,8-decay, and the mechanical recoil energy of the daughter nucleus, may playa significant role for genetic effects if the radioactive atoms are specifically incorporated into the DNA. Another important effect of this kind is charge accumulation due to Auger-electron cascades. Although this process is induced by external radiations as well as by radioactive nuclides decaying, e.g., by electron capture, the radiobiological relevance of the Auger effect is most important for molecular damages after electron-capture disintegrations in the DNA. The above physical and chemical processes have been reviewed by Krisch and Zelle (1969) and, more recently, by Halpern and Stocklin (1977a) . The biological consequences have been discussed by Feinendegen (1975) , Halpern and Stocklin (1977b), and Apelgot and Adloff (1978) . Microdosimetry has been used in an attempt to separate the normal radiation effect from the other effects described above (see, e.g., Waters et al., 1977) .
A considerable amount of information exists on the mean energy deposition in bone, lung, and thyroid tissue, or in cell nuclei, after exposure to non-homogeneously distributed radionuclides. However, very little has been done so far on the conesponding microd08imetric distributions. Apart from calculations of distributions of f(z) for homogeneous tissue (Roesch, 1977; 1978a) , only the work of Fisher and Roesch (1981) gives distributions of f(z) for real tissue sections and realistic 239Pu-contamination conditions. After making 200 line scans of 50 lung-tissue sections, Fisher and Roesch derived a lung-structure model characterized by probability density functions for distances between 239pu_ alpha sources and tissue walls. On that basis, and with the mathematical formulae of Roesch (1977) microd08imetry of incorporated radionuc1ides (Section 6.5), the authors derived the average absorbed dose in lung tissue and f(z) for different exposure conditions in the lung. Examples of differential distributions of specific energy, f(z), are shown in Figure 8 .12 for epithelial cell nuclei in beagle-dog lung from inhaled 239pu02> Smith et al (1981) evaluated the chord length distribution in the nuclei of flat osteoclasts related to incorporated alpha particles of 239PU. On that basis, they calculated the ratio of the second and the fll'8t moments of the chord length distribution, which they applied to a model of osteosarcoma induction.
Microd08imetry in Radiation Protection
Radiation protection of either radiation workers or the general public is usually concerned with rather low doses. This is a situation in which the principles of microdosimetry are particularly pertinent; therefore, professionals in this field should appreciate the magnitude of microdosimetric quantities at a dose equiva- lent of 100 mSv (absorbed dose of 10 mGy), for example, for 2 MeV fast neutrons. For these conditions, no more than one cell (a structure with a nominal sensitive spherical volume of 5.6-Jlm diameter) in about thirty receives an energy absorption event and virtually no cells receive more than one event. For a dose equivalent of 100 mSv oh rays (absorbed dose of 100 mGy), however, the mean number of events is 1 and nearly every cell is affected (see Table 8 .1).
In spite of its relevance and importance, microdosimetry has so far had little impact on the quantities used in radiation protection. For example, in radiation protection systems, the principal quality parameter is the quality factor, Q, which is still expressed as a function of La>. In the discussion to follow, some of the potential roles for microdosimetric quantities in radiation protection will be considered.
The International Commission on Radiological Protection (ICRP) has introduced the concept of detriment to health to identify and to quantify the effects of ionizing radiation on health (ICRP, 1977) . This concept is assumed to be correlated with the quantity dose equivalent, H, defined by the ICRU (1980) as
H=QND
( 8.21) where Q is the quality factor, N the product of other modifying factors and D is the absorbed dose in tissue at the point of interest. The special name for the unit of dose equivalent is the sievert (Sv) and
The use of this quantity is limited to the area of radiation protection and the Q and N values are stipulated by the ICRP. At present N = 1 in all situations.
It must be recognized that Q was chosen by the NCRP (1954 NCRP ( , 1971 , by the ICRU/ICRP RBE Committee (1963) , and by ICRP (1966; 1977) to represent a reasonable value of the ratio between the biological effectiveness of the radiation in question and the effectiveness of a standard radiation (x and 'Y rays). Since it applies to all biological endpoints, it is not, in itself, an RBE, but rather a synthesis of RBE values for that radiation. The values of Q so chosen can be made to fit a useful empirical relationship with Leo in water which enables quality factors for other values of L w , inter-mediate between those chosen, to be derived (see Figure  8 .13a). The arbitrary nature of this choice of Q cannot be overemphasized. The relationship between Q and L"", shown in Figure 8 .13a, is empirical, not fundamental. Distributions of L.,,, may be derived with microdosimetric techniques (Section 8.5.1). Mean Q values (Section 8.5.2) can also be determined directly from microdosimetric spectra using relations between y and L",. This application is well established and is one of several techniques for dose equivalent and mean Q value determinations (ICRU 1978a). Since the quantity y and its distribution can usually be measured for all types of radiation of practical concern in radiation protection, a direct definition of Q in terms of y could be useful from a practical point of view. No such relationship is yet sanctioned by the ICRP. The relation between the quality factor Q and L ... (Figure 8.13a ) is based arbitrarily upon empirical radiobiological data. The possibility of linking Q to microdosimetric data could, however, ret1ect a relation between radiation risk and energy imparted to small volumes which is more fundamental than the connection toL ....
A simple consideration can illustrate the possible inherent connection between Q and the lineal energy, y. As seen in Figure 8 .13a, the quality factor Q is an increasing function of linear energy transfer in the L ... interval 3.5 to 175 ke V Illm. Outside this interval, constant values are assumed. Below Loo = 3.5 keVlllm, Q is set constant and equal to I, because little dependence of the biological effectiveness on La> is found below 3.5 ke VI /Lm. The reason for this empirical fact is not readily evident from a consideration of Loo alone. However, an explanation in terms of microdosimetry is straightforward: the lineal energy in small regions exceeds the La> considerably and depends little on L ... when the latter is small (see Figure 8 .13b). This is predominantly due to energy-loss straggling, i.e., to the occurrence of delta rays (see Sections 4.3 and 4.4). The difference between lineal energy and La> depends on the delta-ray spectrum of the charged particles and the dimension of the volume of interest; for small volumes and sufficiently fast particles, the ranges of the delta rays can substantially exceed the dimensions of the volume, and the spectrum of energy deposited due to individual delta rays is then nearly independent of the particle and its energy, and depends only on the dimensions of the region of interest (Figure 8.13b ). One can, therefore, give an approximate relationship between YD and L"" that depends only on the diameter, d, of a spherical region of interest (Kellerer, 1970b) :
The excess term, A(d), is largest for small regions. Using computed values of YD derived for heavy ions of 20
MeV III (Chmelevsky, 1976) , one obtains A(d) = 1.5 and 3.5 ke V Illm for d = 11lm and 0.2Ilm, respectively. The resulting relationship between lineal energy and La> is given in Figure 8 .13b. At low values of L ... , the important feature of Figure 8 .13b is the slow variation of lineal energy, particularly for the smaller volume. The biological effectiveness of a radiation will depend on actual energy concentrations in cellular and subcellular structures and not on the statistical mean values of L .... Although the formal definition of Q is in terms of Loo, the inherent connection is to the doae-mean lineal energy,YD·
The constancy of Q beyond Loo = 175 keVlllm, reflects the saturation effect (see Section 8.4). However, in contrast to biological effectiveness which decreases at large stopping powers with increasing L... due to saturation, the quality factor stays constant in this L ... region and overestimates the risk in order to be on the safe side. A formal correction of YD can approach this functional dependence of Q at high values of L ... : YQ = Ys(1 -e-yn!yS), (8.24) where Ys is a saturation parameter, to be chosen so that YQ ~ YD for low and medium Leo and YQ ~ YS for L > 175 keVlllm. Combination of Eqs. 8. 23 and 8.24 gives the values of YQ that are plotted in Figure 8 .13b for Ys = 125 ke V Illm. These curves show essential characteristics similar to the dependence of Q on L .... One could consider a modified quality factor, Q, defined by the relation: Q* = 0.19 YQ/keV Ilm-1 (8.25) For d = 0.2Ilm, this is inserted as a broken line in Figure   8 .13a; one obtains fair agreement with the quality factor, Q. These considerations are intended to illustrate the inherent connection between microdosimetric quantities and quality factor. The mathematical fit necessary at high values of L ... is due to the fact that Q does not follow the real effect of saturation on biological effectiveness (Eqs. 8.14 to 8.16) and must not be misunderstood as a limitation of microdosimetric principles at high L ... values. Although Eq. 8.25 provides approximate values of Q, it is not an alternative definition of the quality factor. It must also be noted that the numerical relationships will be somewhat different for low energy electrons, as the curled electron tracks cause an even larger difference between lineal energy and LET. For electrons, one would, therefore, have to consider somewhat larger values of d.
A revision of the absolute values of Q was proposed using arguments based on the principles of microdosimetry (Rossi, 1977) . Kellerer and Rossi (1972) directed attention to the increase of RBE with decreasing dose, now becoming widely known. If Q values were chosen today for the low-dose region, substantially higher values than those in current use in radiation protection would possibly be chosen (Rossi, 1979a) . Thus, although the approaches of the following two subsections are useful to evaluate Lo> distributions and Q of mixed radiations from microdosimetric distributions, it may soon he necessary to modify the empirical relationship Q (Loo) entirely and adopt a microdosimetric approach, perhaps similar to that suggested by Rossi (1977) .
Derivations of LET Distributions
For an assessment of a quality factor, the unrestricted LET distribution for water has to be known and the microdosimetric technique was originally developed for determinations of such distributions produced by fast neutrons (Rossi and Rosenzweig, 1955a and 1955b) .
Under the straight-line approximation, discussed in Section 4.3, charged particles are assumed to travel in straight lines and to lose their energies continuously. It is furthermore assumed that this energy is locally absorbed. Then the energy, €, imparted to the matter in the region is simply the product of the chord length and the L"". Under these conditions, t(L",), the fraction of the total track length lying between L ... and Lm + dL"", (8.26) where d = sphere diameter, and h(l) = single event distribution of energy imparted (Rossi, 1968b; Turner et at., 1970; Kellerer, 1972) . Single event distributions can thus be converted into L", distributions if the above conditions are fulfilled. Such computations have been reported by, for example, Rosenzweig and Rossi (1959) ; Rossi et al. (1962) ; Phillips et al. (1967); Rossi (1968a) ; Wilson and Field (1970a, 1970b); Dicello et al. (1972); Oliver et at. (1972); Walter et al. (1972); Fearon et at. (1975); Brackenbush et al. (1978); and Hogeweg (1978) .
Although a calculation of the LET distribution can be made by hand (Rossi, 1968b ) from a measured pulse-height distribution, there are various mathematical techniques described for such a derivation (Turner et al., 1970; Kellerer, 1972; Walter et al., 1972) which are suitable for computer applications.
Determination of Mean Quality Factors
A mean quality factor is defined by (lCRU, 1980) 1 em Q = D Jo QD(L",,)dL ... , (8.27) where D = absorbed dose and D = 50' " D(L"")dL,,,.
(8.28) From the knowledge of Q (Eq. 8.27) and D (Eq. 8.28), the dose equivalent can be determined as H=Q.N.D. (8.29) Various mathematical relationships have been given which simulate the stipulated relation between Q and L .. (Baum et al., 1970; Bengtsson, 1970; Hancock and Oliver, 1972; Hogeweg, 1978) . A simple relationship was given in the Report of the RBE Committee (ICRU/ ICRP RBE Committee, 1963): Assuming here that the LET concept is adequate to determine the energy deposition in a micrometer-sized object, the following relations for the mean values (Kellerer 1972) can be used for a spherical counter YF = L", and YD = 9fs L""D, (8.32) and Equation 8.31 becomes Q = 0.8 + k'YD, (8.33) where k' = 0.14 #Lm/keV. Thus, a 'Q value is obtained from the dose mean value of a measured lineal energy distribution in a simple way for radiation qualities where the fraction of the absorbed dose deposited at L values above 100 keV/#Lm is small. Various ways have been reported for solving the technical and conceptual problems involved in determining the quality factor or dose equivalent from a microdosimetric measurement. An evaluation of the LET distribution from a measured fCy) distribution using Eq. 8.26 has been reported by Brackenbush et al. (1978) . They derived Q values for neutron energies between 0.2 and 5 MeV. A technical method has also been suggested in which the weighting by the Q value is done electronically (Baum, 1967; Baum et at., 1970) . This technique has been further developed and an instrument has been described (Kuhner et al., 1973; ICRU, 1978a) which measures both dose rate and dose-equivalent rate.
Other solutions have involved the assumption of a proportionality between the measured distribution of lineal energy and the distribution of LET (Hogeweg 1978 , Ricourt et al., 1981 .
Mter analysis of measured lineal energy distributions, a method was suggested which identifies dose compo- Eq. 8.30, with YD from Caswell and Coyne (1976) and Q values (maximum values in a phantom) from ICRP (1973) et al., 1981) . The mean 71 value is obtained by summing up these particle Q values, weighted by their dose fractions.
The different methods of evaluating 71 from microdosimetric spectra d(y) have been investigated by Booz and Poli (1981) and Hartmann et al. (1981) It is again necessary to remind the reader that Q was chosen arbitrarily from a synthesis of RBE values for a given radiation. It was also empirically fitted to a functional relationship with L", in water that has no fundamental basis. Other choices of Q dictated by different (higher) values of RBE at low doses will necessitate different empirical relationships.
Microdosimetry in Radiation Therapy
Radiation treatments may be specified in terms of absorbed dose at one or several "specification points" (ICRU, 1978b) . A more detailed description can be given in the form of the complete matrix of the absorbed dose distribution in the irradiated body. The radiation quality is usually specified in terms of the source of radiation or type of accelerator for low-LET radiation and by indicating the energy spectrum and the gamma-ray fraction of absorbed dose for fast neutrons (ICRU. 1977; ICRU.1978b) .
The specification of radiation quality used at present is satisfactory in low-LET radiation therapy. In neutron therapy, it is common practice to separately account for neutron and gamma-ray fractions of total absorbed dose and to estimate the total effect using a constant RBE for the neutron-dose fraction. This practice fulfills the requirement of practicability, but has limitations due to the dependence of RBE on neutron energy. The deimition of radiation quality on the basis of microdosimetric spectra may provide suitable radiation quality parameters for high-LET radiations such as neutrons, negative pi-mesons and heavy ions. At present, however, radiobiological experiments still are the prime method to investigate RBE variations for therapy conditions.
Low-LET Radiation
The RBE values obtained from most of the radiobiological experiments with high energy photon and electron beams are consistent with microdosimetry data. Differences in RBE which could have a clinical significance have not been observed between highenergy photon and electron beams (above 1 Me V to about 50 MeV). Furthermore. in a given beam, there are no clinically significant variations of RBE with increasing lateral distance from the beam axis (Wambersie. 1967) . Measurements have shown that the corresponding microdosimetric spectra and parameters are indeed very similar (Lindborg, 1976) .
High-LET Radiation
In high-LET radiotherapy, microdosimetry can provide guidance for radiobiological experiments designed to investigate possible differences in RBE.If, for example, microdosimetric spectra do not vary significantly with depth in tissue or with lateral distance from the beam axis, significant RBE variations are unlikely and little effort should be spent to check this assumption. Vice versa, larger variations in microdosimetric spectra within the irradiated body or parts of it show the need for radiobiological experiments. This type of screening is worthwhile because a complete determination of the microdosimetric characteristics at a given point in an irradiated volume can be obtained with relatively little effort and time as compared to a full radiobiological determination. It should be noted, however, that lower dose rates are required for microdosimetric measurements than are usually applied in radiobiology and radiotherapy, and it is necessary to ensure that the radiation quality is not modified at the lower dose rate.
The complete microdosimetric distributions are too complex to be used for quantitative specification of radiation quality for practical purposes. There is an obvious need to derive one or a few parameters from the spectra which would serve adequately for the specification of the beam quality in radiotherapy and which could be easily applied.
At present, specification of radiation quality is based on practicability. In neutron therapy, an indication of the neutron energy spectrum of the primary beam and a separation of neutron and gamma-ray absorbed dose is considered to be sufficient (ICRU, 1977) . This is justified because at most neutron therapy facilities significant changes of radiation quality have not been found with increasing depth in phantoms. An illustration of this fact is given in Figure 8 .14, where it is shown that the dose mean lineal energy, YD. for the pure neutron component of the mixed radiation does not vary significantly with depth in a phantom at any of the four neutron-therapy facilities investigated. The differences between the results obtained at different irradiation facilities are closely related to the primary neutron spectrum and thus to the microdosimetric spectra (Hall et al., 1973) . Moreover, it appears to be relatively insensitive to the simulated diameter. Further biological and microdosimetric investigations, however, are required before definite conclusions can be drawn. Values of y* as a function of depth are given in Table  8 .3 for the four irradiation facilities characterized in Figure 8 .15. In view of the appreciable differences in the distributions, d(y), (Fig. 8.15 ) and in the quantity y* (Table 8. 3), it is doubtful whether intercomparisons of clinical results obtained with different neutron sources can be based on only the gamma and neutron-dose fractions.
As a single-parameter characterization of radiation quality may not be sufficient in complex radiation fields, other methods of specification on the basis of microdosimetric spectra have been suggested. Fidorra and Booz (1978, 1981) have suggested separating gammaray, recoil proton and heavy-ion components for fast neutrons by applying appropriate unfolding procedures. The dose contributions from three or four different intervals in lineal energy, y, have been evaluated by Menzel et al. (1978b) . This method is applicable to all types of radiation.
Microdosimetric measurements have been performed to investigate radiation quality and local variations at several high-LET therapy installations. Results have been reported for fast-neutron therapy facilities by Heintz et al. (1971); Oliver et at. (1975); Menzel and Waker (1976); Amols et al. (1977); Burger et al. (1978) ; Fidorra and Booz (1978, 1981); Hogeweg (1978) ; Booz and Fidorra (1981); Ito (1981); and Menzel and Schuhmacher (1981a) . Microdosimetric spectra and parameters determined in beams of negative pions have been reported by Amols et al. (1976) ; Dicello and Zaider (1978); Menzel et ai. (1978a); Schuhmacher et ai. (1979) ; Ito and Henkelman (1980); and Luxton et al. (1981) . The separation of events from different primary particles (e-, /L, 11'"-,) (Ito and Henkelman, 1980; (1979) . These results have shown that microdosimetric spectra reveal even subtle changes of the radiation field and provide detailed information for the interpretation of these changes. At present, it is recommended that any significant discrepancies between observed and expected radiobiological results be investigated by direct microdosimetric evaluation of the beam quality.
Microdosimetry Aspects of Absorbed Dose Determination

Statistical Uncertainties in Absorbed Dose Measurements
The stochastic behaviour of the interaction processes limits the precision with which an absorbed dose can be determined in a single measurement. The theoretical uncertainty is given by V rei = zD!D (8.34) (See Eqs. 6.32 and 6.33).
Here, V rel is the relative variance of the composite distribution f(z,D) obtained at a specified absorbed dose D, ZD is the dose-mean specific energy of the single-event distribution, and D is the mean absorbed dose in the sensitive materiaIof the detector (for instance a gas cavity).
Equation 8.34 holds for any detector as long as the mean energy necessary for creating one minimum observable event (for instance one ion pair in an ionization chamber or one photoelectron in a cathode of a photomultiplier) is much smaller than the mean absorbed dose deposited in the detector. It must be kept in mind that for a spherical ionization chamber of diameter d, the relevant ZD in Eq. 8.34 is to be evaluated for a volume of diameter pd, where p is the gas density, and that the number of primary particles traversing the sphere is 1/' " that of the simulated sphere (i.e., for air of normal pressure and 20°C, a spherical ionization chamber of 10-mm diameter simulates a unit density sphere with a diameter of about 12 ~m; however, the number of events is 6.9 X 1 ()5 times larger than that of a unit density sphere of 12 ~m diameter (see Section 5.2). For example, if a statistical uncertainty (1 standard deviation) of 0.1% or less is required in a single measurement of an absorbed dose of 100 mGy in tissue, the smallest chamber diameter is 2 mm for use in a 6OCo beam and 11 mm for use in a beam of 5 MeV neutrons ( Figure  8.16a ). Or, if an air filled ionization chamber of 1 cm diameter is used to measure a dose equivalent of 5 ~Sv (0.5 mrem), the statistical uncertainty (1 standard de-E E " 0;. =0.1 % 10 1 absorbed dose in tissue ImGy Fig. 8.1Ga . The minimal diameter for an ionization chamber, filled with air of normal pressure, required in order to obtain a relative standard deviation of 0.1% in a single measurement is given as a function of absorbed dose in tissue (~= V nol). viation) is 2.2% for SOCo gamma rays and 50% for 5 MeV neutrons (Figure 8. 16b ).
Thus the statistical uncertainty is not always small. It has to be considered in accurate calibration work (e.g., standardization of small doses) and in ionizationchamber or proportional-counter measurements of dose equivalent at the level of the maximum permissible dose equivalent.
Differentiation of Absorbed-Dose Contributions by Different Types of Particle
The separation of total absorbed dose into contributions by different types of particles is one possible 8.7 IfIcrodosltrHllry A.".cts 01 AbsDrlHHI Doss DetetmlnalJon • • • 71 characterization of radiation quality for mixed radiation fields. Probably the best known example is the determination of the fractional dose contribution of gamma rays in neutron dosimetry (lCRU, 1977) . Measured single-event spectra sometimes can be used to resolve quantitatively the relative contributions to the absorbed dose in a mixed radiation field as shown in Figure 7 .8.
The unfolding procedure for different types of primary particles, however, is usually complicated by the fact that there is an interval of lineal energies where the spectra of the components overlap. In the case of neutrons contaminated by gamma-rays, events from photon-produced electrons and neutron produced fast protons cannot be distinguished in the overlapping region without additional information or assumption. In practice, pure gamma-ray spectra have been fitted to the measured distributions of mixed radiation fields (Bichsel, 1974; Maier et al., 1975; Menzel and Waker, 1976; Ito, 1978; Weaver et al., 1977; Fidorra and Booz, 1978) and the choice of the appropriate gamma-ray spectrum has been based on additional experimental information and basic considerations on the origin of the gamma-rays. Alternatively, the gamma-ray spectrum was evaluated from d(y) distributions with small neutron dose components (Fidorra and Booz, 1981) .
As discussed in Section 7.2, microd08imetric spectra may also distinguish between various primary and secondary particles. Comparison with calculated event-size distributions provides a breakdown of absorbed dose into the corresponding relative contributions, e.g., in fast neutron beams the evaluation of the dose fractions of electrons, protons and heavier particles (Fidorra and Booz, 1978, 1981) . Another example is the determination of the neutron component in high energy x-ray and electron beams which arises from h,n) and (e-,n) reactions. More recently, coincidence experiments between time-of-tlight spectroscopy and measurement of single event size for negative pion beams have allowed the separation of dose contributions by negative pi-mesons, electrons and muons (Ito and Henkelman, 1980; Schuhmacher et al, 1981) .
